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We present an angle-resolved photoemission (ARPES) study on the layered transition-metal
dichalcogenide 1T-TaS1.2Se0.8 in the metallic commensurate charge-density-wave (CDW) phase.
A model calculation of the spectral function captures the main features of the ARPES spectra well
qualitatively, that is, the gross splits of unreconstructed band structure in the absence of the CDW
superlattice. The observed enhancement of the size of the gap between the lower and middle frag-
ments of the Ta 5d band along the ΓM line by cooling is interpreted in terms of the increase in the
CDW-related potential.
PACS numbers: 71.45.Lr, 79.60.-i, 71.20.-b
Quasi-two-dimensional (quasi-2D) materials, like the
layered transition metal dichalcogenides, 1T-TaSxSe2−x,
have attracted much attention because of their various
unique physical properties combined with the formation
of charge-density wave (CDW) [1]. 1T-TaS2 shows a
metal-to-insulator (MI) transition at 180 K which occurs
followed by nearly commensurate (NC) to commensurate
(C) CDW transition [2]. The MI transition is now un-
derstood in terms of a Mott localization, triggered by the
NC-C transition [3]. On the other hand, isostructural and
isoelectronic 1T-TaSe2 remains metallic to very low tem-
perature, suggesting that the Ta 5d electrons in Se com-
pound are less susceptible to the Mott localization than
those in S one [4]. The MI transition of 1T-TaSxSe2−x
occurs between x=1.2 and x=1.5 [5, 6, 7]. Spectroscopic
signatures of an energy gap at the Fermi energy (EF )
were observed in the C phase in the sample with x=1.5
by scanning tunneling spectroscopy (STS), but not in the
sample with x=1.2 [5]. 1T-TaS1.2Se0.8 exhibits only one
(metallic) C phase below the incommensurate to C tran-
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sition temperature, but the resistivity in the C phase is
complicated [5, 7]. Therefore, 1T-TaS1.2Se0.8 is suitable
system for studying the anomalous metallic behavior near
the Mott localization, because it is possible to control the
potential of the superlattice in the same CDW phase.
Angle-resolved photoemission spectroscopy (ARPES)
and STS, which probes the single-particle spectral func-
tion, can provide a direct view of changes in the dra-
matic rearrangement of the electronic structure near the
MI transition. The importance of the electron correla-
tion effects in 1T-TaS2 and 1T-TaSe2 has been recog-
nized enough by virtue of various STS [2, 8] and ARPES
[4, 9, 10, 11, 12, 13, 14, 15, 16, 17]. In this paper, we
report ARPES results on 1T-TaS1.2Se0.8 in the metallic
C phase taken at 300 K and 90 K. It was shown that the
size of the gap, which was observed between the lower
and middle fragments of the Ta 5d band at the 0.65ΓM
point, grows by cooling. From model calculations, it can
be understood that the gap size is closely connected with
the CDW-related potential. The width of the peak near
EF in the calculated density of states (DOS) narrows
with the increase in the CDW-related potential, which
lends support to the notation of the anomalous metallic
behavior near the Mott transition.
In previous empirical tight-binding calculation of 1T-
TaS2 in the presence of commensurate CDW superlat-
2tice by Smith et al., it has been shown that the Ta-
derived d band collapses into three sub-manifolds sep-
arated by gaps [9]. Signatures of those manifolds and/or
gaps were partially confirmed by many ARPES exper-
iments [9, 10, 11, 12, 13]. However, it remains to be
explained why the experimental band dispersive behav-
ior of those manifolds except those gaps resemble so
closely the theoretical band calculations in the normal
state in the absence of the CDW superlattice, and why
the three bands in the lower and middle manifolds could
not be observed clearly even using the high-resolution
ARPES [13]. From a recent ARPES study, moreover, it
was shown that the remnant Fermi surface of 1T-TaS2
exhibits the symmetry of the one-particle normal state
one [14]. Those ARPES results mean that the overall
shape of the electron wave functions is governed by the
Fourier components of the crystal potential for the un-
reconstructed lattice, rather than the CDW-related con-
tribution [11, 17]. In such weak competing potentials,
recently, Voit et al. proposed model calculations on
a quasi-one-dimensional (quasi-1D) material [18]. The
band structure and spectral weight distribution obtained
by diagonalizing the Hamiltonian truncated at the first
order reproduced ARPES spectra very well. To interpret
the ARPES spectra of quasi-2D material 1T-TaSxSe2−x
we developed the model calculations proposed for a quasi-
1D material.
First, we calculated band structure in absence of CDW
superlattice using empirical tight-binding calculations
[9]. Since the dyz and dzx orbitals reside at energies well
above EF , we can drop them from the basis set. There-
fore, three bands that consist of the d3z2−r2 , dx2−y2 and
dxy orbitals are shown in the calculation. Since only the
lowest band among them crosses EF and is occupied, we
treated it mainly in the model calculations. The Hamil-
tonian is
Hk+gi,k+gj = ε(k+ gi)δgi,gj + [Vgi,gjc
†
k+gi
ck+gj +H.c.].
(1)
ε(k+ gj) is the kinetic energy of the lowest band, the
potential is Vgi,gj = V δ|gi−gj|,g, gi is one of the reciprocal
lattice points of the
√
13 ×
√
13 superstructure in the
unreconstructed 1×1 BZ (i=0, . . ., 12), and g describes
the size of the smallest reciprocal lattice vector ( 4√
13
pi
a
,
where a is lattice constant). The single-particle spectral
function ρ(k, ε) is given by
ρ(k+ gi, ε) =
12∑
j=0
[aj(k)]
2
i δ[ε− Ej(k)], (2)
in terms of the components of the eigenvectors aj asso-
ciated with eigenvalues Ej of the Hamiltonian (1).
In the case for V=0 eV, the band of 1T-TaS1.2Se0.8
along the ΓM line in absence of the CDW superlat-
tice (thick curve) is shown in Fig. 1 (a). No spectral
weight is expected for any of the additional bands derived
from the Umklapp process (thin and dotted curves), i.e.,
weak Bragg diffraction through reciprocal-lattice vectors
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FIG. 1: (a) Unreconstructed band of 1T-TaS1.2Se0.8 along the
ΓM line without the CDW superlattice (thick curve) and the
Umklapp bands (thin and dotted curves) in the case for V=0
eV. The single-particle spectral function in the case for (b)
V=0.05 and (c) 0.10 eV. The size of the symbols is propor-
tional to the spectral weight. Calculated Ta d band density
of states in the case for (d) V=0, (e) V=0.05, and (f) V=0.10
eV, respectively.
of the CDW superlattice. Figure 1 (b) and (c) show the
single-particle spectral function in the case for V=0.05
and 0.10 eV, respectively. Figures 1 (d), (e), and (f)
shows the calculated DOS for V=0, 0.05 and 0.10 eV, re-
spectively. To compare with the ARPES spectra, the
single-particle spectral function was multiplied by the
Fermi-Dirac distribution function at 300K or 90K, and
then convoluted with Gaussian functions of 150 meV and
±0.1A˚−1 FWHM which represent the instrumental en-
ergy and momentum resolution, respectively. Figure 2
(a) and (c) show the intensity plot and the energy distri-
bution curves (EDCs) from the calculated single-particle
spectral weight function in the case for V=0.05 eV and
T=300K. Figure 2 (b) and (d) show the calculated inten-
sity plot and the EDCs in the case for V=0.10 eV and
T=90K.
We performed ARPES measurements at BL-1C of
the Photon Factory (KEK, Tsukuba) using an electron
spectrometer mounted on a two-axis goniometer (VG
ARUPS10) [19]. The sample goniometer used here pro-
vides independent polar, azimuth and tilt rotation of the
sample (R-Dec Co. Ltd., i GONIO LT) [20]. All ARPES
spectra were taken at the photon energy (hν) of 40 eV.
The samples were mounted vertically and only photo-
electrons emitted from the plane defined by the light
beam and the surface normal were observed. The emis-
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FIG. 2: (Color online) (a) Intensity plot and (c) EDCs from
the calculated single-particle spectral weight function in the
case for V=0.05 eV and T=300K. (b) The intensity plot and
(d) the EDCs in the case for V=0.10 eV and T=90K. Bright
and dark parts correspond to high and low spectral weight,
respectively.
sion angle of the photoelectron measured from the sur-
face normal was varied by rotating the energy analyzer
horizontally, whereas the angle of incidence of the light
was fixed to 45◦. The azimuth angle was varied by rotat-
ing the samples to the surface normal. Single crystals of
1T-TaS1.2Se0.8 were grown by the iodine transport tech-
nique and characterized by resistivity measurement [5, 7].
The samples were cleaved in situ at a base pressure of
3 × 10−10 Torr. We measured ARPES spectra at 300 K
and at 90 K. The energy and spatial resolution were 0.15
eV and ±2◦, respectively.
Figure 3 shows ARPES intensity plots at (a) 300K and
(b) 90K and EDCs at (c) 300K and (d) 90K along the
high symmetry ΓM line. At first sight, it is shown in Fig.
3 (a) that a Ta 5d band disperses downward in energy
along the high symmetry line from the Γ point to the
M point. Contrary to the prediction of previous band
calculations of 1T-TaS2 [21, 22, 23] and 1T-TaSe2 [22,
23], however, the observed Ta 5d band never crosses EF
and lie around the Γ point at a binding energy of about
0.2 eV, which is consistent with the previous ARPES
spectra in 1T-TaS2 in the metallic NC phase [14, 15] and
1T-TaSe2 in the metallic C phase [17]. Furthermore, the
peak width of the Ta 5d band is broadened at the 0.65ΓM
point (thick curve in Fig. 3 (c)). This broad peak is
divided into two structures by cooling (thick curve in
Fig. 3 (d)). As the result, the intensity plot at 90K
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FIG. 3: (Color online) ARPES intensity plots at (a) 300K
and (b) 90K and EDCs at (c) 300 K and (d) 90K along the
high symmetry ΓM line (hν=40eV).
in Fig. 3 (b) shows the split of the Ta 5d band at the
0.65ΓM point clearly. In addition, a weak hump appears
at a binding energy of about 0.4eV around the Γ point,
as shown by ticks around the Γ point in Fig. 3 (d).
It is obvious to reproduce those spectral features of
the Ta 5d band by the model calculations well, except
the absence of crossing over EF . The split of the Ta 5d
band at the 0.65Γ point and the appearance of the weak
hump at a binding energy of about 0.4eV around the Γ
point is ascribed to the increase in V as shown in Fig. 2.
Judging from comparison of the ARPES spectra at the
0.65ΓM point in Figs. 3 (c) and (d) (thick curves) and
the corresponding spectral weight distributions in Figs. 2
(c) and (d) (thick curves), the potentials for the ARPES
spectra at 300 K and 90 K were estimated at 0.05 eV
and 0.1 eV, respectively. Although the split of the Ta
5d band in 1T-TaS2 and 1T-TaS1.5Se0.5 in the metal-
lic NC phase is almost equal to that in 1T-TaS1.2Se0.8
shown here, it is dramatically enhanced in the insulating
C phase, meaning that the influence of the CDW-related
potential became dramatically large in the insulating C
phase [13, 24]. With increasing V, the calculated spec-
tral weight distribution shifts to a low binding energy
side (not shown), which is consistent with the observed
shift of the ARPES spectra in 1T-TaS1.5Se0.5 due to the
NC-C phase transition [7, 24].
The calculated intensity plot and the EDCs for V=0.10
eV show another gap near EF at about 0.4ΓM due to the
split of the Ta 5d bandas as shown in Figs. 2(b) and (d).
That is, the Ta 5d band splits into three fragments un-
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FIG. 4: (Color online) Experimental band dispersion at 90 K
along the high symmetry lines ΓM, MK and KΓ. (b) Corre-
sponding intensity plot of the calculated spectral weight dis-
tribution in the case for V=0.1eV and T=90 K.
der the influence of the CDW-related potential. The gap
near EF at the 0.4ΓM point was well observed for 1T-
TaS2 in the insulating C phase [13]. Also for 1T-TaS2
in the metallic NC phase [15] and for 1T-TaSe2 in the
metallic C phase [17], the gap was not clear because the
upper fragment in the metallic phase is very broad com-
pared with that in the insulating phase. No crossing of
the Fermi level is supposed to be induced by the elec-
tron correlation effects in the Ta 5d band. According to
the model of Tosatti and Fazekas [3], the (partially filled)
upper fragment straddling EF split into the lower Hub-
bard band (LHB) and the upper Hubbard band (UHB)
by the electron correlation effects. For 1T-TaS2 in the in-
sulating C phase the flat LHB was observed around the
Γ at a binding energy of 0.19 eV [13] and in the metal-
lic NC phase [15], and at about 0.2 eV for 1T-TaSe2 in
the metallic C phase [17]. For the metallic phase, EF
lies in a pseudogap created by the tails of two overlap-
ping Hubbard subbands. Based on our model calculation,
the width of the upper fragment straddling EF , i.e., the
width of the Hubbard bands, depends on the strength
of the potential, V. This is supported by the calculated
DOS spectra in Figs. 1 (d), (e) and (f). No peak in DOS
for V=0 eV is shown near EF in Fig. 1(d). A broad
peak appears under V=0.05 eV (Fig. 1 (e)) and becomes
sharp with increasing the strength of V to 0.1 eV (Fig. 1
(f)).
Figure 4 shows (a) the experimental band dispersion at
90 K along the high symmetry lines ΓM, MK and KΓ and
(b) the corresponding intensity plots of the calculated
spectral weight distribution in the case for V=0.1eV and
T=90 K. It is shown that the model calculations repro-
duce the main features of the ARPES results very well,
e.g., the dominant spectral feature from the lower sub-
band along the MK line and the appearance of the weak
spectral weight around the middle of the ΓK like. This
means that the model calculations presented here, which
are originally proposed for a quasi-1D material [18], are
also useful for a quasi-2D material, 1T-TaSxSe2−x. It is
reasonable to suppose that the slight difference in the en-
ergy position of the spectral features near EF is based on
the electron correlation effects, which are not included in
the model calculation.
Since V in Eq. (1) represents the coupling strength
between the unreconstructed band and the CDW-derived
bands, the spectral changes by temperature may depend
on the size of the atomic displacement and/or the do-
main size of the CDW superlattice. To investigate the
electronic behavior due to the MI transition by a Mott
transition, 1T-TaS2 is not suitable because the MI transi-
tion is triggered by the structural NC-C phase transition.
Recently, Perfetti et al. reported that a MI transition
without accompanying such structural phase transition
occurs at the surface of 1T-TaSe2, which is an ideal mate-
rial to tune the crucial parameter (W/U), where U is the
on-site Coulomb correlation energy and W is the band-
width [4]. However, it is hard to know the role of the
CDW-related potential in the electronic behavior of the
Ta 5d in a situation close to the Mott transition since the
ARPES spectra were shown only in the limited area of
the Brillouin zone. To study this, the elucidation of the
entire electronic structure of the Ta 5d band is desired
strongly.
In summary, we presented ARPES spectra of 1T-
TaS1.2Se0.8 in the metallic phase taken at 300 K and 90
K and compared them with the calculated spectra based
on the model proposed by Voit et al. [18]. It was shown
that the calculated single-particle spectral function
capture the main features of the ARPES spectra well
qualitatively. We can be fairly certain that the model
calculations shown here play an important role to under-
stand the physical properties of quasi-two-dimensional
transition-metal dichalcogenides.
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